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The combined treatment of two or more therapeutic approaches has been demonstrated to be an efﬁcient strategy for cancer stem cells (CSCs) therapy. A new strategy for treatment of CSCs, which have a
high self-renewal capacity, is introduced by combination of antioncogenes and doxorubicin (DOX).
Cancer cell-associated genes (MDR1 and Sox2) are proved to be up-regulated in CSCs, resulting in
increased drug resistant compared with normal cancer cells. In this work, the multidrug resistance of
CSCs is reversed by down regulation of the over-expressed cancer cell-associated MDR1 and Sox2 gene,
and the enhanced DOX endocytosis is achieved. In addition, the combined therapeutic approach resulted
in improved therapeutic effect of CSCs. The combination therapy of CSCs with the down regulation of
multidrug resistance and a therapeutic antitumor drug can be a useful strategy in cancer therapy.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Cancer is one of the most lethal diseases affecting the human life
worldwide [1]. Currently, many strategies have been successfully
used in the antitumor treatment [2e7]. The conventional cancer
therapies include surgery, radiation, hormonal treatment and
chemotherapy [8,9]. Among them, chemotherapy is highly effective
for treatment of cancers. Chemotherapy, however, is effective only
during the early-stage treatment. Eventually, drug resistance and
recurrences with more distant metastases occur leading to
chemotherapy failure [10]. Usually, such recurrences are resistant
to conventional anticancer therapies, which is mainly due to the
presence of cancer stem cells (CSCs) [11]. CSCs comprise a rare
subpopulations (usually<~1%) in tumors, while exhibit stem celllike properties allowing them to initiate the tumor growth and
metastasis [12]. They are highly drug resistant and able to differentiate into multi-lineages of resident cells in tumors to re-initiate
the growth of tumors. This may be a reason for tumor recurrence
post conventional therapies [13]. CSCs were ﬁrst isolated from
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acute myeloid leukemia by Bonnet and Dick in 1997 [14]. Since then
CSCs have been identiﬁed in many types of human common tumors
including brain [15], breast [16], colon [17], hepatoma [18], and
pancreatic carcinomas [19]. There are many biomarkers especially
expressing in CSCs, such as homeobox transcription factor Nanog
(Nanog), transcription factor SOX2 (Sox2), myc proto-onco-gene
protein (C-myc), octamer binding protein 4 (Oct4), CD44, CD133
and so on [20,21]. CD44 is a hyaluronan-binding glycoprotein, and
most commonly used for the isolation of CSCs by combined with
other markers in many kinds of tumors [22,23]. The biomarkers can
be used to analyze CSC populations by immunohistochemistry and
reverse-transcriptase polymerase chain reaction (RT-PCR) [22].
The key factor of eradicating tumor cells is the effective killing of
all CSCs, and the innate drug resistance feature of these cells is a
main obstacle in cancer treatment [16]. In recent years, several
promising strategies have been developed for treatment of CSCs
[24]. Targeted therapy of CSCs plays an important role in cancer
therapy [25]. Thioridazine (THZ) was reported to be selectively
targeted cancer stem cells, but no effect on normal cells, which was
mainly due to signiﬁcantly higher expression of THZ antagonized
dopamine receptors in CSCs [11]. A combination therapy was
contributed to the therapy of pancreatic CSCs by blockading of
mTOR signaling and sonic hedgehog together with rapamycin,
cyclopamine and gemcitabine [26]. Reversing the drug resistance of
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CSCs is another important strategy to enhance the efﬁcacy of
chemotherapy. It is well known that several genes are up-regulated
within CSCs, which constitute unique properties and maintain the
activity of CSCs [27]. The sensitivity of the conventional drugs is
expected to be improved by reducing over-expressed genes, such as
multidrug resistance gene (MDR1), transcription factor SOX2
(Sox2), myc proto-oncogene protein (C-myc) [22]. Thus, RNA
interference (RNAi) gene silencing technology would play an
important role in tumor therapy by knocking down the expression
of speciﬁc genes in CSCs [20]. Because the CSCs populations are
highly complex and heterogeneous, combination therapeutic approaches may be necessary for effective cancer treatment.
Over-expression of Sox2 is acritical factor in maintaining the
pluripotent property and drug resistance of CSCs. In this study, a
new strategy for treatment of CSCs was developed by combined
delivery of a therapeutic plasmid that expresses interfering RNA
targeting Sox2 (shSox2) and doxorubicin (DOX), one of the most
effective anticancer drugs. The approach taken in this study is codelivery of carrier/shSox2 complexes for down-regulation of the
Sox2 gene expression and DOX for killing tumor cells. It is proposed
that down-regulation of multidrug resistance of CSCs and cell
apoptosis induced by DOX results in better results in clinical antitumor therapy (Scheme 1).

2. Materials and method
2.1. Materials
Branched polyethylenimine with average molecular weight of
25 kDa (PEI-25k) was purchased from Aldrich. GoldenTranfer reagent was obtained from Changchun GoldenTransfer Science and
Technology Co. Ltd. (Changchun, China) Dulbecco's Modiﬁed Eagle
Media: Nutrient Mixture F-12 (DMEM-F12) was purchased from
Gibco (Grand Island). B27 was purchased from Invitrogen (Carlsbad,
USA). Human Epidermal Growth Factor (hEGF) was purchased from
BD Biosciences (New Jersey, USA). Low-endotoxin bovine serum
albumin (BSA) was purchased from Sangon Biotech (Shanghai,
China). Insulin was purchased from SigmaeAldrich Chemical Co.
(St.
Louis,
MO).
3-(4,5-Dimethylthiazol-2-yl)-2,5diphenyltetrazolium bromide (MTT) was purchased from
Amresco (Solon, Ohio, USA). A plasmid that expressed interfering

RNA targeting Sox2 and siRNA duplexes were purchased from
GenePharma Co. Ltd. (Shanghai, China) and the target sequences
were designed as follows: shSox2: CGCTCATGAAGAAGGATAAGT,
and the control sequence (GTT CTC CGA ACG TGT CAC GT) does not
match any human genome sequence. MDR1: sense: 50 -GGAAAAGAAACCAACUGUCdTdT-30 , antisense: 50 -GAC AGU UGG UUU CUU
UUC CdTdT-3'.
2.2. Mammosphere culture
Human breast adenocarcinoma cells (MCF-7 cells) were
cultured in suspension in serum-free DMEM-F12 at 1.5  103 cells/
mL in an ultra-low attachment culture ﬂask, and the medium was
supplemented with B27 (1:50, v/v), 20 ng/mL hEGF, 0.4% lowendotoxin BSA, and 5 mg/mL insulin. During the process of forming mammospheres, the cell culture ﬂask should be shaken gently
everyday to prevent the adherence of the cells. After incubation for
14 days, the mature mammospheres were harvested by gentle
centrifugation, dissociated into single cells as previously described.
To prepare mammospheres, the single cells were cultured to proliferate to the next generation of mammospheres.
2.3. Drug resistant activity in CSCs
To evaluate the drug tolerance of MCF-7 mammosphere cells,
various concentration of DOX were assessed by the MTT viability
assay, MCF-7 adherent cells were used as the control. Brieﬂy, MCF-7
mammosphere single cells were seeded in ultra-low attachment
96-well plates at a density of 1.0  104 cells per well in 100 mL of
serum-free DMEM-F12 at 37  C in 5% CO2 for 24 h prior to the
treatment of DOX with the concentration range from 0.16 mg mL1
to 10 mg mL1. At 48 h post-treatment, 20 mL of MTT stock solution
(5 mg mL1 in PBS) was added to each well. After incubation for an
additional 4 h, the supernatant was removed after centrifugation of
the samples in the wells, and 150 mL of DMSO was added to dissolve
the MTT formazan crystals. Finally, the absorbance was measured at
490 nm using a Bio-Rad microplate reader after shaking for 10 min
and IC50 values were obtained from the graph of the DOX concentration versus the surviving cell viability. The cell viability was
normalized to that of cells cultured with PBS treatment, which was
served as the indicator of 100%.

Scheme 1. Schematic illustration of tumor suppression by synergistic treatment of CSCs with shSox2 and DOX.
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2.4. qRT-PCR analysis of cancer cell-associated genes in CSCs
qRT-PCR analysis was further conducted to evaluate the
expression of two cancer cell-associated genes (MDR1 and Sox2)
between MCF-7 adherent cells and MCF-7 mammosphere cells. The
propagated mammosphere cells were collected and the total mRNA
was extracted from the cells with Trizol reagent according to the
manufacturer's protocol. The concentration of total RNAs was
measured using Nanodrop Plates (Tecan M200), and then the total
RNAs were reverse transcribed into cDNA by using M-MLV manual
(Promega). Finally, the qRT-PCR (Mx3005P, Strategene, USA) was
performed using SYBR Green Mix Kit according to the manufacturer's protocol. The qRT-PCR ampliﬁcation was carried out as follows: initial heating at 95  C for 10 min, followed by 40 cycles at
95  C for 30 s, 56  C for 60 s, 72  C for 60 s. The sequence of MDR1
primer forward: 50 -ATATCAGCAGCCCACATCAT-30 , reverse: 50 GAAGCACTGGGATGTCCGGT-3'; The sequence of SOX2 primer forward: 50 -TCATTTGCCATCTGGATTTT-30 , reverse: 50 -CTCCTACCGTACCACTAGAACTT-3'; The sequence of GAPDH primer forward: 50 GTTCCAGTATGACTCTACCC-30 , reverse: 50 -AGTCTTCTGAGGCAGTGATG-3'.
2.5. Gene transfection of CSCs
To evaluate the transfection efﬁciency of MCF-7 mammosphere
cells, two commercial transfection reagents (PEI-25k and GoldenTransfer) were utilized to complex with the reporter gene pEGFPN1 (Promega, Wisconsin, USA) and the GFP ﬂuorescence was
detected. Brieﬂy, MCF-7 mammosphere cells were seeded in ultralow attachment 96-well plates at 1.0  104 cells per well in 100 mL
of serum-free DMEM-F12 at 37  C in 5% CO2 for 24 h. MCF-7
adherent cells were carried out as the control. PEI-25k/pEGFP-N1
or GoldenTransfer/pEGFP-N1 complex was added according to the
manufacturer's protocol. The ﬁnal concentration of pEGFP-N1 in
the culture medium was 1 mg/mL. After incubation for another 48 h,
the relative levels of EGFP expression were characterized by using
ﬂuorescence microscopy (TieS, Nikon, Japan).
2.6. Gene silence of CSCs
MCF-7 mammosphere cells were collected and seeded in ultralow attachment 6-well plates at 2.0  105 cells per well in 2 mL of
serum-free DMEM-F12 at 37  C in 5% CO2 for 24 h. MCF-7 adherent
cells were used as the control. Small interfering RNA oligonucleotides (siMDR1) or the plasmid (shSox2) that can express small
interfering RNA oligonucleotides were transfected using GoldenTransfer according to the manufacturer's protocols. The ﬁnal concentration of gene in the culture medium was 1 mg/mL. After
incubation for another 24 h, the propagated mammosphere cells
were collected and the total mRNA was extracted from the cells
with Trizol reagent according to the manufacturer's protocol. The
concentration of total RNAs was measured using Nanodrop Plates,
and then the total RNAs were reverse transcribed into cDNA by
using M-MLV manual. Finally, the qRT-PCR was performed using
SYBR Green Mix Kit according to the manufacturer's protocol.
2.7. Reversal of drug resistance of CSCs
To enhance the chemosensitivity of the conventional drugs for
killing CSCs, RNAi gene silencing technology was introduced to
knock down the expression of speciﬁc genes in CSCs before
chemotherapy. Brieﬂy, MCF-7 mammosphere cells and MCF-7
adherent cells were seeded in 6-well plates at 5.0  104 cells per
well before 24 h, and then transfected using GoldenTransfer by
silencing the cancer cell-associated genes (MDR1 or Sox2)
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according to the manufacturer's protocols. After incubation for
48 h, the cells were treated with DOX for another 4 h at a ﬁnal
concentration of 0.8 mg/mL. The cells were collected and washed
twice with cold phosphate buffered saline (PBS, 0.01 M, pH 7.4). The
cells were detached with 0.05% trypsin and resuspended in 300 mL
cold PBS. Finally, the cellular uptake efﬁciency of DOX in the cancer
cell-associated genes down-regulated cells was evaluated using a
BD FACS Calibur ﬂow cytometer (BD Bioscience, USA), MCF-7
adherent cells and MCF-7 mammosphere cells only treated with
DOX were utilized as the controls.
2.8. Combination therapy of CSCs with shSox2 and DOX
The combination treatment of CSCs was further performed by
silencing the over-expressed Sox2 gene by GoldenTransfer/shSox2
complex and inducing the cell apoptosis by DOX. Brieﬂy, MCF-7
mammosphere cells were seeded in ultra-low attachment 6-well
plates at 1.0  105 cells per well in 2 mL of serum-free DMEMF12 at 37  C in 5% CO2 for 24 h. GoldenTransfer/shSox2 complex was
added according to the manufacturer's protocol. The ﬁnal concentration of shSox2 in the culture medium was 1 mg/mL. After incubation for 48 h, the transfected cells were collected and seeded in
ultra-low attachment 96-well plates at 1.0  104 cells per well prior
to the treatment of DOX at a concentration of 0.8 mg/mL. After
another 48 h post-treatment, 20 mL of MTT stock solution was
added to each well for 4 h, and then the supernatant was removed
after centrifugation of the samples in the wells. 150 mL of DMSO was
added to dissolve the MTT formazan crystals and the absorbance
was measured at 490 nm using a Bio-Rad microplate reader after
shaking for 10 min. The cell viability was normalized to that of cells
cultured with PBS treatment, which was served as the indicator of
100%.
2.9. Statistical analysis
Statistical analysis was performed using the Student's t-test. All
the data were given by a mean value together with its standard
deviation (mean ± SD). If P < 0.05, the differences were regarded to
be statistically signiﬁcant.
3. Results and discussion
3.1. Formation of CSCs
CSCs are rare subpopulations of cancer cells, which cause cancer
resistance and metastasis when treated with conventional chemotherapies [28]. Generally, CSCs can be obtained by ﬂuorescenceactivated cell sorting [29], rotary cell culture system [30], and
cultivation in ultralow attachment plate [31]. For this study, the
enriched CSCs were obtained by keeping MCF-7 cancer cells in
suspension in the CSC culture medium. For this method, most nonCSCs become dead due to anoikis induced by the deprivation of
attachment to substrate, while CSCs survive and proliferate to form
CSC-enriched mammosphere cells in CSC medium [13]. As shown
in Fig. 1, MCF-7 mammosphere cells were formed with the diameter of about 100 mm after 14 days of incubation, and was more
luminous as compared with MCF-7 adherent cells. The subsequent
generations of mammosphere cells were propagated from the
single cells digested by the former mammosphere cells.
3.2. Drug resistant ability of CSCs
Currently, chemotherapy is still the most commonly used and
effective method in clinical cancer therapy. However, chemotherapy usually leads to the drug resistance and recurrences with
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Fig. 1. Microscopic images of MCF-7 adherent cells and MCF-7 mammosphere cells (scale bar ¼ 100 mm).

more distant metastases, even though it seems effective in the
early-stage of treatment. CSCs are recognized to be responsible in
the failure of chemotherapy due to their highly drug resistant and
re-initiate the growth of tumors. To determine the drug resistant
property of CSCs, MCF-7 adherent cells and freshly isolated MCF-7
mammosphere cells were subjected to the MTT assay, and DOX was
performed as the conventional chemotherapy drug at various
concentrations. The cytotoxicity was evaluated after 48 h incubation of DOX in two types of cells. As shown in Fig. 2, MCF-7
mammosphere cells were more resistant to DOX than MCF-7
adherent cancer cells, and the half-maximal inhibitory concentration (IC50) of the former (3.82 mg/mL) is 5.6 times than that of the
latter (0.68 mg/mL). The results further validate the highly resistant
ability of CSCs, and reversal of the drug resistance of CSCs should be
an effective treatment strategy to enhance chemotherapy of cancer
cells.

3.3. The expression of cancer cell-associated genes in CSCs
The role of tumor suppressor genes or stemness-associated
genes would be crucial in CSCs genesis and metastasis, and these
genes have been shown to be the fundamental factors in the
acquisition of CSCs properties [20]. To evaluate the biological signiﬁcance of the expression of cancer cell-associated genes (MDR1

and Sox2) between MCF-7 adherent cells and MCF-7 mammosphere cells, qRT-PCR analysis was carried out to evaluate the
mRNA levels of the three former genes. As shown in Fig. 3, the
cancer cell-associated genes MDR1 and Sox2 were up-regulated in
MCF-7 mammosphere cells as compared with the control MCF-7
adherent cancer cells. These results further verify that the drug
resistance and high metastatic ability of CSCs were mainly due to
the up-regulation of some cancer cell-associated genes. Thus,
down-regulation of some cancer cell-associated genes of CSCs is
expected to contribute to cancer treatment.
3.4. Gene transfection of CSCs
Transfection activities of MCF-7 adherent cells and MCF-7
mammosphere cells were examined by comparing the ﬂuorescence intensities in ﬂuorescence images by PEI-25k/pEGFP-N1 or
GoldenTransfer/pEGFP-N1 complex. As shown in Fig. 4, as
compared with PEI-25k, GoldenTransfer showed a signiﬁcantly
enhanced gene transfection efﬁciency in both MCF-7 adherent cells
and MCF-7 mammosphere cells. For this reason, GoldenTransfer
was chosen in subsequent studies. Although MCF-7 mammosphere
cells did not show as much ﬂuorescence intensities as that of MCF-7
adherent cells, it also showed impressive gene transfection efﬁciency by transfect reagents.
3.5. qRT-PCR analysis of gene silencing in CSCs
To evaluate the gene silencing activities of the proposed gene
delivery system, the mRNA levels of MDR1 and Sox2 were
measured in MCF-7 mammosphere cells. The ﬁnal concentration of
siRNA (or shRNA) in the culture medium was 1 mg/mL. The gene
silencing efﬁciency was evaluated by quantitative analysis of the
relative mRNA levels using qRT-PCR after 24 h treatment with
GoldenTransfer/siMDR1 and GoldenTransfer/shSox2 complexes.
MCF-7 mammosphere cells without any treatment were used as
the control. As shown in Fig. 5, all the genes were signiﬁcantly
down-regulated, especially for the Sox2 gene (z67%). It is anticipated that the effects of chemotherapeutic agents will be improved
in CSCs after the cancer cell-associated genes were downregulated.
3.6. Endocytosis of DOX to CSCs after gene silencing of cancer cellassociated genes

Fig. 2. The inhibition of cell proliferation results of MCF-7 adherent cells and MCF-7
mammosphere cells by DOX after 48 h (n ¼ 4).

A combination therapeutic approach was carried out to CSCs to
enhance the effect of chemotherapy. The cancer cell-associated
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Fig. 3. Expression of cancer cell-associated genes in MCF-7 adherent cells and MCF-7 mammosphere cells. MDR1 (a) and Sox2 (b). Data are shown as means ± SD (n ¼ 3).

Fig. 4. The transfection efﬁciency shown by green ﬂuorescent protein of MCF-7 adherent cells and MCF-7 mammosphere cells expressed by PEI-25k/pEGFP-N1 or GoldenTransfer/
pEGFP-N1 complex (scale bar ¼ 100 mm)(For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.).

Fig. 5. qRT-PCR analysis for the mRNA of MDR1 (a) and Sox2 (b). MCF-7 mammosphere cells without any treatment were used as the controls, and the relative quantiﬁcation was
performed using GAPDH housekeeping gene as the internal control (n ¼ 3).

genes (MDR1 and Sox2) were down-regulated for 48 h to reverse
the drug resistance before delivering DOX for 4 h. As shown in
Fig. 6, the endocytosis of DOX was improved after down-regulating
the expression of MDR1 and Sox2 genes. Especially, the shSox2treated group showed a more signiﬁcant DOX endocytosis efﬁciency in MCF-7 mammosphere cells, which was close to the DOX
endocytosis of MCF-7 adherent cancer cells (non-drug resistant
cells). As compared with MCF-7 adherence cells, a much lower DOX
endocytosis efﬁciency of MCF-7 mammosphere cells was achieved

due to their drug resistance trait. These results further illustrate
that the chemotherapy of CSCs can be signiﬁcantly improved by
introduction of the RNAi approach.
3.7. The synergistic treatment of therapeutic shSox2 and DOX
Chemotherapy is highly effective during the early-stage treatment of cancers. However, drug resistance and recurrences with
more distant metastases will occur after repeating adminstration of
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48 h to reverse the drug resistance, and then DOX was added to the
cells for another 48 h. As shown in Fig. 7, the cell viability of
GoldenTransfer/shSox2 and GoldenTransfer/shNC groups didn't
show signiﬁcantly differences compared with PBS control group.
The cell survival rate of the free DOX treated group was about 75.2%,
which achieved a comparative anti-proliferation results as compare
with the combinational therapeutic of GoldenTransfer/shNC and
DOX group (73.8%). For the combined therapeutic of GoldenTransfer/shSox2 and DOX group, a synergistic therapeutic effect
was obtained at the ﬁnal cell survival rate of 46.8% in MCF-7
mammosphere cells. To our great surprise, the cell survival rate
could only achieve about 45% in MCF-7 adherent cells by only DOX
treated group at the same DOX concentration (data were not
shown). The results further demonstrated that the drug resistance
of CSCs was almost reversed through down-regulation of Sox2
gene.
4. Conclusions

Fig. 6. Cellular uptake of DOX by MCF-7 adherent cells and MCF-7 mammosphere cells
measured by ﬂow cytometric analyses of DOX ﬂuorescence after a 4 h endocytosis.
MCF-7 mammosphere cells were transfected with GoldenTransfer/siMDR1 (a) and
GoldenTransfer/shSox2 (b) for 48 h before adding DOX. Cells tested are MCF-7
adherent cells (red), MCF-7 mammosphere cells (light green), MCF-7 adherent cells
with DOX (deep green), MCF-7 mammosphere cells with DOX (orange), and cancer
cell-associated gene transfected MCF-7 mammosphere cells with DOX (blue)(For
interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.).

drugs [10]. The failure of chemotherapy is mainly attributed to the
existence of CSCs [32]. A combined therapeutic strategy to tumors
will be necessary due to their drug resistance trait and pluripotent
properties [20,26]. Thus, targeting both CSCs and cancer cells with
two kinds of drugs is one of the most effectively strategy in tumor
treatment and prevention of relapse [11,32,33]. Reverse the cancer
stem cell-associate genes is another potential strategy to enhance
the efﬁcacy of chemotherapy [34]. From this perspective, RNAi
approach was carried out to improve the effect of DOX in this study.
To verify whether the combined therapeutic strategy of Sox2 gene
silencing and DOX could effectively inhibit the tumor growth of
CSCs, the stem cell-associated gene Sox2 was down-regulated for

In this study, a new strategy for the treatment of CSCs was
developed by combining antioncogenes and DOX. Two cancer cellassociated genes (MDR1 and Sox2) were shown to be up-regulated
in CSCs, which exhibited more drug resistance as compared with
normal adherent cancer cells. RNAi technology was successfully
used to evaluate the gene silencing effect of CSCs by PEI-25k and
GoldenTransfer reagents. The multidrug resistance of CSCs could be
reversed by down regulation of the over-expressed cancer cellassociated MDR1 and Sox2 genes, thus the enhanced DOX endocytosis was achieved after down-regulation of the genes. In addition, a combined treatment of shSox2 and DOX was carried out to
overcome the obstacles of the drug resistance of CSCs, and an
enhanced antitumor therapy was achieved. The combination
therapy of down-regulating CSCs’ multidrug resistance and a
therapeutic antitumor drug can be a potential strategy in cancer
treatment.
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